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Motivation

? The recent observation of two-nucleon knock out events in the ArgoNeut
detector [ R. Acciarri et al, Phys. Rev. D 90, 012008 (2014) ] has revived
the interest for short-range correlations in the nuclear ground state
. 30 charged-current events with a pair of protons emitted at the interaction

vertex
. 19 events with both protons carrying momenta larger the nuclear Fermi

momentum (⇠ 250 MeV)
. 4 events with back-to-back configuration observed in the final state

the four-momentum transfer. This originates from the
a priori undetermined incident neutrino energy. On the
other hand, neutrinos can effectively probe the nucleus for
its SRC content through both one-body and two-body CC
reactions on np SRC pairs and, with the advent of LArTPC
detectors, two-proton knockout topologies can be identified
unambiguously. The two protons can indeed be detected at
any emission angle in the 4π sensitive LAr volume and
down to energies below the Fermi level (detection threshold
in ArgoNeut is T thr

p ¼ 21 MeV, i.e., about 200 MeV=c
momentum, less than kF of Ar).
To elucidate the role of SRC, we consider here the

following neutrino CC interactions leading to two-proton
knockout:

(i) CC RES pionless mechanisms involving a pre-
existing SRC np pair in the nucleus; for example,
(i) via nucleon RES excitation and subsequent two-
body absorption of the decay πþ by a SRC pair
(Fig. 5 [left]), or (ii) from RES formation inside a
SRC pair (hit nucleon in the pair) and de-excitation
through multibody collision within the A-2 nuclear
system (Fig. 5 [center]). Initial state SRC pairs are
commonly assumed to be nearly at rest, i.e.,
~pip ≃ −~pin. The detection of back-to-back pp pairs
in the lab frame can be seen as “snapshots” of the
initial pair configuration in the case of RES proc-
esses with no or low momentum transfer to the pair.
As noticed, four events in our (μ− þ 2p) sample are
found with the proton pair in a back-to-back
configuration in the lab frame [cosðγÞ < −0.95;

Fig. 2]. Visually, the signature of these events gives
the appearance of a hammer, with the muon forming
the handle and the back-to-back protons forming the
head. As an example, the two-dimensional views
from the two wire planes of the LArTPC for one of
these hammer events are reported in Fig. 4. In all
four events, both protons in the pair have a mo-
mentum significantly above the Fermi momentum,
with one almost exactly balanced by the other, i.e.,
~pp1 ≃ −~pp2. All events show a rather large missing
transverse momentum, PTmiss ≳ 300 MeV=c. These
features look compatible with the hypothesis of CC
RES pionless reactions involving pre-existing SRC
np pairs.

(ii) CC QE one-body neutrino reactions, through virtual
charged weak boson exchange on the neutron of a

FIG. 4 (color online). Two-dimensional views of one of the four “hammer events,” with a forward going muon and a back-to-back
proton pair (pp1 ¼ 552 MeV=c, pp2 ¼ 500 MeV=c). Transformations from the TPC wire-planes coordinates (w, t “collection plane”
[top], v, t “induction plane” [bottom]) into lab coordinates are given in [13].

FIG. 5 (color online). Pictorial diagrams of examples of two-
proton knockout CC reactions involving np SRC pairs. Short
range correlated (green symbol) nucleons in the target nucleus are
denoted by open(n)-full(p) dots; wide solid lines (magenta)
represent resonance reaction (RES) nucleonic states, and
(magenta) lines indicate pions.

DETECTION OF BACK-TO-BACK PROTON PAIRS IN … PHYSICAL REVIEW D 90, 012008 (2014)

012008-5

. 4 events with reconstructed back-to-back configuration of a
proton-neutron pair in the initial state
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Correlations & two-nucleon emission

? Nucleon-nucleon correlations are a long standing and elusive issue.
Their study through measurements of two-nucleon knock out processes
has been extensively discussed since the dawning of the age of
continuous electron beam accelerators
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2p2h final states in neutrino-nucleus interactions

? Slide extracted from a talk delivered at NUFACT11, University of
Geneva, August 2011

Measured correlation strength

the correlation strength in the 2p2h sector has been measured by the
JLAB E97-006 Collaboration using a carbon target

strong energy-momentum correlation: E ⇠ Ethr +
A�2
A�1
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Measured correlation strength 0.61 ± 0.06, to be compared with the
theoretical predictions 0.64 (CBF) and 0.56 (G-Matrix)
Correlated nucleons (most of the times a proton and a neutron) have
momenta > 250 MeV, pointing in opposite directions

Omar Benhar (INFN, Roma) NUFACT11 Geneva 02/08/2011 15 / 24
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Defining correlations

? Consider a system of N interacting particle described by the wave
function  (x1, . . . , xN), with xi ⌘ (ri,�i)

? Probability of finding particles 1, . . . , n at positions r1, . . . , rn

⇢(n)(r1, . . . , rn) =
N!

(N � n)!

X

�1,...,�N

Z
drn+1 . . . drN | (x1, . . . , xN)|2

? Particles 1 and 2 are correlated if

⇢(2)(r1, r2) , ⇢(1)(r1)⇢(1)(r2)

? The quantity

g(r1, r2) =
⇢(2)(r1, r2)

⇢(1)(r1)⇢(1)(r2)
provides a measure of correlations in coordinate space
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The archetype corelated system: the Van der Waals liquid

? Equation of state at particle
density ⇢ and temperature T

P =
⇢T

1 � ⇢b
� a⇢2 ,

. b / d3 is the “excluded
volume”

. a ⇠ integral of the attractive
part of the interaction

? The full Van der Waals potential
provides a good description of
atomic systems. Hovever, its use
in perturbation theory involves
insurmountable di�culties.
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Coordinate vs momentum space

? Bottom line: correlations are best defined in coordinate space.
? To see this, consider a non interacting Fermi gas. The joint probability of

finding two particles with momenta k1 and k2 is

nFG(k1,k2) = ✓(kF � |k1|)✓(kF � |k2|)
"
1 � 1

N
⇢

2
(2⇡)3�(k1 � k2)

#

? In the absence of long range order, a similar result holds true in
interacting systems

n(k1,k2) = n(k1)n(k2) [1 + O (1/N)]

? In momentum space, non trivial correlation e↵ects on n(k1,k2) vanish in
the N ! 1 limit. However, correlations strongly a↵ect the behaviour of
n(k) at |k| > kF.
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Momentum distribution of interacting Fermi systems

? The momentum distribution can be split into quasi particle (pole) and and
correlation (continuum) contributions in a model independent fashion

n(k) =
Z

dE P(k,E) = Zk✓(kF � |k|) + nB(k)

? Isospin-symmetric nuclear matter at equilibrium density, as an example
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Mmentum distribution of shell model state

? Momentum distribution of the 3s state of 208Pb , extracted from (e, e0p)
data

N-N interaction are correlated in the spectral function
with large values of E . Absorption of a virtual photon
on such a correlated pair leads to a broad structure in
the cross section with a maximum at E5k

2/2m . The
measurements of the spectral function for values up to
k5600 MeV/c and E5100 MeV demonstrate the exis-
tence of such a structure with the predicted kinematic
behavior and constitute a direct proof of correlations in
4He. See Fig. 10.

The shell structure of oxygen is of particular interest
because the spin-orbit partners 1p1/2 and 1p3/2 are well
separated in energy (6 MeV) and the knockout spec-
trum shows the spectroscopic strength concentrated in
the 15N ground state and the excited state J53/2 at 6
MeV. Angular momentum analysis of the spectral func-
tion up to 20 MeV shows less than 10% additional
l51 strength (Leuschner, 1994). For the p1/2 state, which
is not fragmented, z=0.63.

For the doubly magic nucleus 208Pb the (e ,e8p) data
(Quint, 1987a, 1987b; Lapikás, 1993) have been analyzed

with a full phase-shift treatment of the distortion in-
duced both by the Coulomb interaction acting on the
electron and the strong interaction experienced by the
knocked-out proton (McDermott, 1990; Jin et al., 1994).
The result for the transition to the ground state of
207Tl is shown in Fig. 11.

The shape appears to be well reproduced in the k

range up to 100 MeV/c . The slight deviations at large
values of k from the theoretical shape are quite interest-
ing, since they signal a deviation of the overlap wave
function from the mean-field shape in the interior of
208Pb. This region of the momentum was therefore not
included in the procedure to extract z .

The spectral function for l50 quantum states is large
at low values of the momentum where the spectral func-
tion of l fi 0 states is small. This provides a powerful tool
to detect l50 strength at larger excitation energies. All
of the low-energy l50 spectroscopic strength in 208Pb is
found to be located in the ground state; up to 20 MeV,
no additional strength is found.

The ground-state spectroscopic strength gives
z50.6860.06 for the 3s orbital. This is the key result for
this prototype quasihole orbital in the heavy doubly
magic nucleus 208Pb. The value is remarkably low con-
sidering that for several decades values near one were
assumed.

A relativistic mean-field approximation has also been
developed for closed-shell nuclei like 16O and 208Pb,
which contain many nucleons (Serot, 1992). Both bound

FIG. 9. Cross sections for 4He (Leeuwe, 1995), compared to
calculation (Laget, 1994) using variational Monte Carlo wave
function with z=0.8.

FIG. 10. Cross section for 4He(e ,e8p) [roughly proportional
to S(k ,E)] as function of E , for several values of k . Both data
and calculation ( Leeuwe, 1995) show the peak expected to
occur at E.k

2/2m

N

.

FIG. 11. Distorted momentum distribution of the 3s state in
208Pb, experiment (Quint, 1987a) and calculation (McDermott,
1990) using a shell-model momentum distribution with ad-
justed z .

988 Pandharipande et al.: Independent particle motion and correlations . . .

Rev. Mod. Phys., Vol. 69, No. 3, July 1997

? The occurrence of high momentum
nucleons is a distinctive evidence of
correlation e↵ects

? Back in 1952 AD, Blatt & Weiskopf
warned their readers that
. “The limitation of any independent

particle model lies in its inability to
encompass the correlation between
the positions and spins of the
various particles in the system”

Omar Benhar (INFN and “Sapienza”, Roma) Fermilab April 9, 2015 10 / 20



Probing correlations through single nucleon knock out

? Consider quasi elastic (QE) process ` + A! `0 + N + (A � 1)⇤

? Note that, on account of nucleon-nucleon correlations in the initial state,
(A � 1)⇤ is not necessarily a bound state. It may consist of a bound
(A � 2)-nucleon system plus one nucleon excited to the continuum

the four-momentum transfer. This originates from the
a priori undetermined incident neutrino energy. On the
other hand, neutrinos can effectively probe the nucleus for
its SRC content through both one-body and two-body CC
reactions on np SRC pairs and, with the advent of LArTPC
detectors, two-proton knockout topologies can be identified
unambiguously. The two protons can indeed be detected at
any emission angle in the 4π sensitive LAr volume and
down to energies below the Fermi level (detection threshold
in ArgoNeut is T thr

p ¼ 21 MeV, i.e., about 200 MeV=c
momentum, less than kF of Ar).
To elucidate the role of SRC, we consider here the

following neutrino CC interactions leading to two-proton
knockout:

(i) CC RES pionless mechanisms involving a pre-
existing SRC np pair in the nucleus; for example,
(i) via nucleon RES excitation and subsequent two-
body absorption of the decay πþ by a SRC pair
(Fig. 5 [left]), or (ii) from RES formation inside a
SRC pair (hit nucleon in the pair) and de-excitation
through multibody collision within the A-2 nuclear
system (Fig. 5 [center]). Initial state SRC pairs are
commonly assumed to be nearly at rest, i.e.,
~pip ≃ −~pin. The detection of back-to-back pp pairs
in the lab frame can be seen as “snapshots” of the
initial pair configuration in the case of RES proc-
esses with no or low momentum transfer to the pair.
As noticed, four events in our (μ− þ 2p) sample are
found with the proton pair in a back-to-back
configuration in the lab frame [cosðγÞ < −0.95;

Fig. 2]. Visually, the signature of these events gives
the appearance of a hammer, with the muon forming
the handle and the back-to-back protons forming the
head. As an example, the two-dimensional views
from the two wire planes of the LArTPC for one of
these hammer events are reported in Fig. 4. In all
four events, both protons in the pair have a mo-
mentum significantly above the Fermi momentum,
with one almost exactly balanced by the other, i.e.,
~pp1 ≃ −~pp2. All events show a rather large missing
transverse momentum, PTmiss ≳ 300 MeV=c. These
features look compatible with the hypothesis of CC
RES pionless reactions involving pre-existing SRC
np pairs.

(ii) CC QE one-body neutrino reactions, through virtual
charged weak boson exchange on the neutron of a

FIG. 4 (color online). Two-dimensional views of one of the four “hammer events,” with a forward going muon and a back-to-back
proton pair (pp1 ¼ 552 MeV=c, pp2 ¼ 500 MeV=c). Transformations from the TPC wire-planes coordinates (w, t “collection plane”
[top], v, t “induction plane” [bottom]) into lab coordinates are given in [13].

FIG. 5 (color online). Pictorial diagrams of examples of two-
proton knockout CC reactions involving np SRC pairs. Short
range correlated (green symbol) nucleons in the target nucleus are
denoted by open(n)-full(p) dots; wide solid lines (magenta)
represent resonance reaction (RES) nucleonic states, and
(magenta) lines indicate pions.

DETECTION OF BACK-TO-BACK PROTON PAIRS IN … PHYSICAL REVIEW D 90, 012008 (2014)

012008-5

? The two emitted nucleons carry momenta �k and k + q , q being the
momentum transfer

? Establishing the occurrence of correlated pairs in the initial state requires
the reconstruction of the initial momentum of the struck nucleon
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Knock out of a correlated nucleon (continued)

? Within the impulse approximation (IA), the double-di↵erential cross
section in the QE channel can be written as

d�A

d⌦k0d!
/ 1

q

Z Emax

Emin

dE
Z kmax

kmin

kdk P(k,E)
d�N

d⌦k0d!

? The spectral function P(k,E) describes the energy and momentum
distribution of the struck nucleon

n(k) =
Z

dE P(k,E)

? Probing high momentum components, arising from short-range
nucleon-nucleon correlations, requires kmin > kF ⇠ 250 MeV and
Emin > ✏̄ ⇠ 25 MeV
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. ⇠ 10% of the inclusive strength in
the two-nucleon emission sector

. ⇠ 14% of the inclusive strength in
the two-nucleon emission sector

? Recall
. x 7 1↵ ! ? !QE ⇡ Q2/2mN
. x 7 1↵ k̂ · q̂ ⇡ ±1
. energy and momentum are strongly correlated through

E ⇡ Ethr +
A � 2
A � 1

k2

2mN
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Measured correlation strength

? The correlation strength in the 2p2h sector has been measured by the
JLAB E97-006 Collaboration using a carbon target
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Figure 6. Momentum distribution of the data
(circles) compared to the theory of refs. [3] (dots),
[4] (solid) and [24] (dashed). The lower integra-
tion limit is chosen as 40 MeV, the upper one to
exclude the � resonance.

Experiment 0.61 ±0.06
Greens function theory [3] 0.46
CBF theory [2] 0.64
SCGF theory [4] 0.61

Table 1
Correlated strength (quoted in terms of the num-
ber of protons in 12C.)

shape of the spectral function for C, Al, and Fe
ist quite similar. For Au a larger contribution
from the broader resonance region is obvious and
the maximum of the spectral function is shifted
to higher Em. The correlated strength for Al, Fe
and Au is 1.05, 1.12 and 1.7 times the strength
for C normalized to the same number of pro-
tons. This increase cannot be solely explained
by rescattering but MEC’s have probably taken
into account. Another contribution may be com-
ing from the stronger tensor correlations in asym-
metric nuclear matter [26,27].
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Impact on neutrino energy reconstruction

? In the charged current quasi elastic (CCQE) channel, assuming single
knock out, the reconstructed neutrino energy can be written as

E⌫ =
m2

p � m2
µ � E2

n + 2EµEn � 2kµ · pn + |p2
n|

2(En � Eµ + |kµ| cos ✓µ � |pn| cos ✓n)
,

where |kµ| and ✓µ are measured kinematical variables of the outgoing
charged lepton, while pn and En are the momentum and energy of the
interacting neutron

? Energy conservation requires

En = MA � E⇤A�1 = MA �
q

(MA � mn + E)2 + |pn|2 ⇡ mn � E

? In interactions involving a correlated nucleon, the excitation energy of
the recoiling nucleus is large, typically E ⇠ 50 � 100 MeV

? The occurrence of these processes lead to the appearance of a high
energy tail in the neutrino energy distribution
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Reconstructed neutrino energy in the CCQE channel

? Neutrino energy
reconstructed using 2 ⇥104

pairs of (|pn|,En) values
sampled from realistic (SF)
and FG oxygen spectral
functions

? The average value hE⌫i
obtained from the realistic
spectral function turns out to
be shifted towards larger
energy by ⇠ 70 MeV
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Spin-isospin dependence of correlations

? Correlations reflect the complex structure of the nucleon-nucleon force,
which is known to be strongly spin-isospin dependent & non spherically
symmetric

? Correlations are strongest in proton-neutron pairs with total spin and
isospin S = 1 and T = 0. In these deuteron-like pairs—also called quasi
deuterons (QD)—non central interactions play an important role

? Experimental information on QD pairs has been extracted from the
measured nuclear photoabsorption cross section, written in the form

�A(E�) = PD �QD(E�)

where E� is the photon energy and PD is interpreted as the e↵ective
number of QD pairs

PD = L
"
Z(A � Z)

A

#
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Quasi deuteron pairs in nuclei

? A-dependence of the Levinger’s factor, L , extracted from the data,
compared to results of ab initio many-body calculations

The spatial structure of np pairs having the deuteron quan-
tum numbers has been investigated in Ref. !37" in light (A
!3, 4, 6, and 7# nuclei and 16O using a variational Monte
Carlo approach and the Argonne v18 two-nucleon and Ur-
bana IX three-nucleon potentials. The estimated Levinger
factor for 16O is LVMC(16O)!4.70, comfortably close to our
value L f6(

16O)!4.36.
Our results for the Levinger factors are summarized in

Fig. 8, where they are also compared with the available ex-
perimental estimates. The agreement with the photoreaction
data of Ahrens et al. !28" for the case of 16O and 40Ca is
rather impressive. The ‘‘experimental’’ value Lexpt($)
!9.26 deduced from the phenomenological formula

Lexpt%A #!13.82
A

R3!fm3"
, %34#

reported in Ref. !25", is &15% smaller than our theoretical
value. In I, the surface contribution to L(A) has been esti-
mated exploiting the calculated enhancement factor of the
electric dipole sum rule for finite nuclei, K !38", obtained
using CBF theory and LDA. The enhancement factor is re-
lated to experimental data on photoreactions through the
equation

1"Kexpt!
1
'0
!
0

m(
'A%E)#dE) , %35#

where '0!60!Z(A#Z)/A" MeV mb and m( is the
(-meson production threshold. By using the same parametri-
zation as in I for the surface term, we get

LLDA%A #!10.83#9.76 A#1/3, %36#

for the AU8! interaction. LLDA(A) is displayed on Fig. 8.
LDA turns out to be not satisfactory for medium nuclei, such
as 16O and 40Ca. Figure 8 also report LLev(A) and LLaget(A),
as extracted !25,26" from the available experimental data on
photoreactions. The computed Levinger’s factors are almost
A-independent for heavy nuclei (A$100), and result to be
&15% larger than LLev(A) and &25% smaller than
LLaget(A). Such disagreement between theory and experi-
ment is likely to be ascribed to the sizable tail contributions
to the electric dipole sum rule, absent in the definition of Eq.
%35#.

IV. CONCLUSION

The correlated basis function theory of the two-body den-
sity matrix has been applied to microscopically compute the
distribution of QD pairs carrying total momentum kD ,
PD(kD), in doubly closed shell nuclei 16O and 40Ca and
nuclear matter, starting from the realistic Argonne v8! plus
Urbana IX potential.
It has been found that the NN correlations produce a high

momentum tail in PD(kD) and, correspondingly a depletion
at small kD for both nuclei and nuclear matter. These effects
are mainly due to the presence of the state-dependent corre-
lations associated with the tensor component of the one pion
exchange interaction. Contrary to what happens for the one-
nucleon momentum distibution, the tail of PD(kD) sizably
differs from that of nuclear matter.
Summation of PD(kD) over kD provides the total number

PD of QD pairs, and, consequently, allows for an ab initio
calculation of Levinger’s factor L(A). The CBF result for
nuclear matter is significantly reduced with respect to the
value obtained in I with the Urbana v14 plus the Urbana TNI
many-body forces. The corresponding Levinger factors for
16O and 40Ca are much smaller than the nuclear matter value
and in very good agreement with the available photoreaction
data analyzed within the quasideuteron phenomenology. In
addition, our results show that LDA overestimates L(A) in
the region of the light-medium nuclei.
The L(A) resulting from the full calculation are relatively

close to the corresponding values obtained within the IPM
and Jastrow models. Actually, the high momentum tail of
PD(kD) gives a small contributions to the Levinger factor.
This feature indicates that the approximation used in our
calculation %which amounts to including only diagrams at the
dressed lowest order of the FHNC cluster expansion# is fully
adequate. However, it should be noticed that the Jastrow
model underestimates the Levinger factor.
In addition, the analysis described in this paper shows that

when a deuteron is embedded in a nucleus, or in nuclear
matter at equilibrium density, its wave function gets appre-
ciably modified by the surrounding medium. While in the
case of the S-wave component the difference is mostly vis-
ible at small relative distance (r%1 fm), the D-wave com-
ponent of the QD appears to be significantly enhanced, with
respect to the deuteron wD(r), over the range r%2 fm. This
effect is particularly evident in the lightest nucleus.

FIG. 8. Levinger’s factor L(A) for 16O, 40Ca, and nuclear mat-
ter %shown by the arrows for the UU14 and AU8! forces#. The filled
circles, the empty circles, and the triangles show Levinger’s factors
obtained within the f 6 and Jastrow correlation models and the IPM,
respectively. The LDA, as discussed in the text, is also reported
%solid line#. The phenomenological values of LLev(A) correspond-
ing to the photoreaction data of Lepretre et al. !27" %squares# and
Ahrens et al. !28" %crosses and diamonds# are taken from Ref. !25".
The empirical values of LLaget(A), represented by circles in the
heavy nuclei region, are from Ref. !26".

O. BENHAR et al. PHYSICAL REVIEW C 67, 014326 %2003#

014326-8

? The theoretical predictions for oxygen and calcium turn out to be in good
agreement with the data
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Quasi deuteron distributions and Levinger’s factor

? Theoretical predictions of the Levinger’s factors are obtained from

L =
1

Z(A � Z)
PD =

3
Z(A � Z)

Z
d3kD

(2⇡)3 PD(kD)

where PD(kD) provides the probability of finding a QD pair with
center-of-mass momentum kD

consequence, the lowest mean field unoccupied states be-
come sizably populated (n2s!n2p!n1d!0.02 in 16O and
n3s!0.05, n2p!0.02, n2d!0.03 in 40Ca). These two effects
are largely due to the presence of the tensor correlation.
Figure 1 shows the behavior of U(r) and W(r) in 16O,

40Ca, and nuclear matter, evaluated using the Hamiltonian

AU8!. For comparison, we also show the bare components
of the Argonne v8! DWF. It appears that the main differences
between deuteron and QD occur at r!2 fm. At small rela-
tive distances both U(r) (r!1 fm) and W(r) (r!0.5 fm)
are slightly suppressed with respect to uD(r) and wD(r). On
the contrary, they are appreciably enhanced at larger dis-
tances. These effects are more visible for the lightest nucleus.
The differences between nuclear matter and nuclei mostly

disappear in the Fourier transforms, !U(k)!, !W(k)!,
!uD(k)!, and !wD(k)!, whose behavior is displayed in Fig. 2.
The nuclear medium shifts the second minimum of !uD(k)!
towards lower values of k, as obtained in I for nuclear matter

FIG. 1. Radial components U(r) and W(r) of the AU8! QD
wave functions in 16O, 40Ca, and nuclear matter. Upper panel, the
solid and dashed lines show the radial dependence of UA(r) for 16O
and 40Ca, respectively. The dot-dashed and dotted lines correspond
to the nuclear matter UNM(r) and the bare uD(r). Lower panel, as
in the upper panel for the d-wave components of the QD and deu-
teron wave functions.

FIG. 2. As in Fig. 1 in momentum space.

FIG. 3. Momentum distribution of QD pairs in 16O as a function
of the total momentum !kD! "see Eq. #27$%. The solid, dashed, and
dash-dotted lines are the results obtained within the f 6 and the
Jastrow correlation models and IPM, respectively. The short-dashed
line displays the f 6 momentum distribution of the QD in nuclear
matter at equilibrium density, &NM"0.16 fm#3. The inset shows a
blow up of the region !kD!/(2kF)$1, plotted in linear scale. The
Levinger factors L(A) for the various calculations are also reported.

FIG. 4. As in Fig. 3 for 40Ca.
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Summary & Prospects

? The observation of events with emission of two-nucleons carrying
momenta exceeding the Fermi momentum provides new compelling
evidence of strong nucleon-nucleon correlations.

? The existing studies of the momentum distribution of QD pairs in nuclei
may provide some guidance for the interpretation of the events in which
the reconstructed initial configuration does not correspond to a
back-to-back correlated pair.

? Mechanisms other than knock out of a correlated nucleon need to be
analysed within a consistent framework

? Correlation e↵ects must be included in any nuclear model aimed at
describing neutrino-nucleus interactions

? The observation of two nucleon emission events has clearly shown the
potential of the Liquid Argon Time Projection Chamber technology. The
upcoming measurement of the argon spectral function at Je↵erson Lab
will provide new information, needed to fully exploit this potential.

Omar Benhar (INFN and “Sapienza”, Roma) Fermilab April 9, 2015 20 / 20



Backup slides

Omar Benhar (INFN and “Sapienza”, Roma) Fermilab April 9, 2015 21 / 20



ArgoNeut events

(ν-beam mode) run, the efficiency corrected ðμ−þ2pÞ
ðμ−þNpÞ event

ratio is 21% (26%) and the ðμ−þ2pÞ
CC-inclusive ratio is 2% (4%).

The νμ CC reaction leading to the observation of
the (μ− þ 2p) event sample undergoes the general
four-momentum conservation law:

kν þ Pi
A ¼ kμ þ pp1 þ pp2 þ Pf

X; ð1Þ

where kν and kμ refer to the initial neutrino and final muon
four momenta, and pp1 and pp2 refer to the two protons in
the final state. Pf

X refers to the recoiling nuclear system X
and Pi

A to the target Ar nucleus. If we assume the two
ejected protons originate from an initial state correlated
pair, the initial pair configuration is neutron-proton np, as
required by charge conservation in the CC reaction,
and Pi

A ¼ Pi
A−2 þ Pi

np.
Experimentally measurable observables are the three

momentum of the muon, determined from the matched
track in ArgoNeuT and MINOS-ND, the sign of the muon
provided by MINOS-ND, and the energy and direction of
propagation of the two protons measured by ArgoNeuT.
The target nucleus (A ¼ Ar) is at rest in the lab and the
center of mass of the correlated np pair is assumed to be
(nearly) at rest in it. The nuclear system X in final state, an
excited ðA-2Þ% bound state or any other unbound state, is
undetected and we take its momentum components to be
equal to the momentum components of the missing four-
momentum vector Pmiss. The direction of the incident
neutrino is along the ẑ axis; therefore, the missing trans-
verse momentum (in the x̂; ŷ plane) is directly measurable
as PTmiss ¼ −ðkTμ þ pTp1 þ pTp2Þ from Eq. (1). This corre-
sponds to the transverse momentum of the residual nuclear
system PTA−2. The missing energy component Emiss is here
defined as the energy expended to remove the nucleon pair
from the nucleus.
The final state proton momenta determined from the

energy measurement of fully contained tracks are reported
in Fig. 1, with the scatter plot of the higher vs the lower
momentum of the pp pair in the (μ− þ 2p) sample. Most of
the events (19 out of 30) have both protons above the Fermi
momentum of the Ar nucleus (kF ≃ 250 MeV [17], the
solid lines in Fig. 1—we take here an average value for the
proton and the neutron Fermi momentum).
The angle in space γ between the two detected proton

tracks at the interaction vertex is directly measured in the
lab reference frame. The scatter plot of Fig. 2 shows the
cosine of the γ angle vs the momentum of the least
energetic proton in the pair. The cosðγÞ distribution is also
reported (inset of Fig. 2). It is interesting to note that four
of the nineteen 2p-events above the Fermi momentum
are found with the pair in a back-to-back configuration
[cosðγÞ < −0.95].
The missing transverse momentum measured from the

unbalanced momentum of the triple coincidence (μ− þ 2p)

in the plane transverse to the incident neutrino direction is
shown in Fig. 3. The tail at very high PTmiss can be explained
as due to events with undetected energetic neutron(s)
emission.
The incident energy is not confined to a single value but

distributed in a broad ν-beam energy spectrum. From
energy conservation in Eq. (1), the incident neutrino
energy for the (μ− þ 2p) events is given by Eν ¼
ðEμ þ Tp1 þ Tp2 þ TA−2 þ EmissÞ. An estimate can be
inferred from the final state particle (muon and two
protons) measured kinematics. The last two terms are
small corrections: the residual nuclear system is undetect-
able; however, a lower bound for its recoil kinetic energy
can be calculated using the measured transverse missing
momentum as TA−2 ≈ ðPTmissÞ2=2MA−2. The missing
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FIG. 1 (color online). Momentum, pp1, of the most energetic
proton in the pair vs momentum, pp2, of the other (least energetic)
proton for the 30 events in the (μ− þ 2p) sample. The Fermi
momentum in argon (line) and the momentum corresponding to
the detection threshold in ArgoNeuT (dashed) are also indicated.
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FIG. 2 (color online). Cosine of the angle γ between the two
protons (lab frame) vs the momentum of the least energetic
proton in the pair for the 30 events in the (μ− þ 2p) sample. In the
inset is the distribution of cosðγÞ.
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ArgoNeut events

(ν-beam mode) run, the efficiency corrected ðμ−þ2pÞ
ðμ−þNpÞ event

ratio is 21% (26%) and the ðμ−þ2pÞ
CC-inclusive ratio is 2% (4%).
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required by charge conservation in the CC reaction,
and Pi
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undetected and we take its momentum components to be
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proton in the pair vs momentum, pp2, of the other (least energetic)
proton for the 30 events in the (μ− þ 2p) sample. The Fermi
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FIG. 2 (color online). Cosine of the angle γ between the two
protons (lab frame) vs the momentum of the least energetic
proton in the pair for the 30 events in the (μ− þ 2p) sample. In the
inset is the distribution of cosðγÞ.
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ArgoNeut events

SRC np pair (Fig. 5 [right]). The high relative
momentum will cause the correlated proton to recoil
and be ejected. Within impulse approximation,
identification of the struck neutron requires a large
momentum transfer such that the momentum of the
proton emitted in this type of event is much larger
than the momentum of the spectator proton in the
pair, i.e.,

~pp1 ¼ ~pin þ ~q ≫ kF; ~pp2 ¼ ~pip > kF; ð2Þ

with both protons exceeding the Fermi momentum,
the struck nucleon p1 being the higher in momentum,
and the lower p2 identified as the recoil spectator
nucleon from within the SRC. As mentioned above,
momentum transfer in neutrino events is a recon-
structed quantity, less precisely determined than in
electron-scattering experiments. However, with an
approach similar to the electron-scattering triple
coincidence analysis, we determine the initial mo-
mentum of the struck neutron from the (left) equation
in (2), i.e., by transfer momentum vector subtraction to
the higher proton momentum (~pin ¼ ~pp1 − ~q). This
procedure is applied to the remaining subsample of
fifteen ArgoNeuT events (μ− þ 2p) with both protons
above Fermi momentum, after excluding the four
hammer events already ascribed to other types of
reactions. In most cases the reconstructed initial
momentum is found above kF and with cosðγiÞ < 0
(opening angle γi between the reconstructed struck
neutron and the recoil proton in the initial pair), i.e.,
opposite to the direction of the recoil proton. In
particular, a fraction of the events exhibits a strong
angular correlation peaking at large, back-to-back
initial momenta, as shown in the inset of Fig. 6. The
bin size includes the effect of the uncertainty in the
transfermomentum reconstruction on themeasurement
of cosðγiÞ. The measured transverse component of the
missing momentum in these events is typically small
(≲250 MeV=c). Under the above assumptions and
within the limits of our reconstruction, these events
appear compatible as they originate from SRC pairs
through CC QE reactions.

The scatter plot of the cosine of the opening angle γi in the
reconstructed initial np pair in the nucleus against the cosine
of the opening angle γ of the pp pair in the final state
observed in the detector is shown in Fig. 6. Four of the events
mentioned above are those horizontally aligned in the lowest
cosðγiÞ ≤ −0.9 bin, rather separated from the others. There
is no immediate interpretation for the apparent correlation of
the remaining 11 events in the plot. Two-step processes such
asMECor IC involvingNN long range correlated pair in the
nucleus [4] are obviously active in two-proton knockout
production. Othermechanisms like interference between the
amplitudes involving one- and two-nucleon currents, sub-
ject to current theoretical modeling [12], can also potentially

contribute. In all cases, protons can undergo FSI inside the
residual nuclear system before emerging and propagating in
the LAr active detector volume. In general, however, the
emission of energetic, angular correlated proton pairs from
FSI appears disfavored.

V. CONCLUSION

A fraction (four of the 30 events) of the (μ− þ 2p) sample
detected with ArgoNeuT is found with the two protons in a
strictly back-to-back highmomenta (hammer) configuration
in the final state. Another equivalent fraction is found to be
compatible with a reconstructed back-to-back configuration
of a np pair in the initial state inside the nucleus. This
identification does rely on the ability to fully reconstruct the
hadronic final state. The event statistics from ArgoNeuT is
very limited and cannot provide definitive conclusions.
However, these events suggest that different mechanisms
directly involving NN SRC pairs in the nucleus are active,
and can be probed efficiently with the LArTPC technology.
The inclusion of a realistic and exhaustive treatment of SRC
in the one- and two-body component of the nuclear current is
a great challenge in current theoretical modeling and
subsequentMC implementation.More accurate and detailed
Monte Carlo neutrino generators are deemed necessary for
comparisons with LAr data. Future larger mass and high
statistics LArTPC detectors have the opportunity to clarify
the issue. We hope the ArgoNeuT data will encourage more
studies in this area.
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FIG. 6 (color online). Cosine of the reconstructed opening
angle γi of the initial state vs the cosine of the observed opening
lab angle γ of the final state proton pairs (both protons with a
momentum above kF). In the inset is the cosðγiÞ distribution of
the reconstructed initial pair opening angle.
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Model independent determination of correlations

? Definition of Green’s function

iG(x � x0) = h0|T[ ̂(x) ̂†(x0)]|0i
After Fourier transformation (⌘ = 0+)

G(k,E) =
X

n

8>><
>>:
|hn(N+1)(k)|a†k|0Ni|2
E � (En � E0) + i⌘

+
|hn(N�1)(�k)|ak|0Ni|2
E + (En � E0) � i⌘

9>>=
>>;

= Gp(k,E) + Gh(k,E) =
Z

dE0
"

Pp(k,E0)
E � E0 + i⌘

+
Ph(k,E0)

E + E0 � i⌘

#

? Spectral functions of hole and particle states

Ph(k,E) =
X

n
|hn(N�1)(k)|ak|0Ni|2�(E � En + E0) =

1
⇡

Im Gh(k,E)

Pp(k,E) =
X

n
|hn(N+1)(k)|a†k|0Ni|2�(E + En � E0) =

1
⇡

Im Gp(k,E)
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Analytic structure of the Green’s function

? In interacting systems, the Green’s function (e.g. for hole states) can be
written in terms of the particle self energy ⌃(k,E)

Gh(k,E) =
1

E � |k|2/2m � ⌃(k,E)

? Landau’s quasiparticle picture: isolate contributions of 1h (bound)
intermediate states, exhibiting poles at energies ✏k, given by
✏k = |k|2/2m + Re ⌃(k, ✏k), as Im ⌃(k,E)! 0 (Fermi surface)

? The resulting expression is

Gh(k,E) =
Zk

E � ✏k � iZk Im ⌃(k, ek)
+ GB

h (k,E)

where Zk = |h�k|ak|0i|2, and GB
h (k,E) is a smooth contribution, arising

from 2h � 1p, 3h � 2p, . . . (continuum) intermediate states
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Hole spectral function of nuclear matter from CBF

Ph(k,E) =
1
⇡

Z2
k Im ⌃(k, ✏k)

[E � k2/2m � Re ⌃(k,E)]2 + [ZkIm ⌃(k, ✏k)]2 + PB
h (k,E)
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Spectral function of infinite nuclear matter

? Results obtained using CBF perturbation theory and the U14+TNI
hamiltonian

? The correlation contribution can be identified by its distinctive energy
dependence
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Exploiting the (near) universality of correlations

? Local density approximation

P(k,E) = PMF(k,E) + Pcorr(k,E)

. PMF(k,E)! from (e, e0p) data

PMF(k,E) =
X

n

Zn|�n(k)|2 Fn(E � En)

. Pcorr(p,E)! from uniform nuclear matter calculations at di↵erent
densities:

Pcorr(k,E) =
Z

d3r ⇢A(r) PNM
corr(k,E; ⇢ = ⇢A(r))

? Widely and successfully employed to analize (e, e0) data at beam
energies ⇠ 1GeV

? Warnings: model dependence, chance of double counting
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